The innate immune system is triggered by pathogen-associated molecular patterns and represents the first line of defense against a variety of infectious microorganisms (21) . The Tolllike receptors (TLR) 3, 7, 8, and 9 are expressed in immune cells and function as transmembrane pattern recognition receptors to detect foreign nucleic acids (1, 10) . TLR detection of viral RNA or DNA can trigger downstream signal transduction, resulting in production of type I interferons (IFN), including beta interferon (IFN-␤) and alpha interferon (IFN-␣) isoforms (13) . These IFNs can initiate autocrine and paracrine signal amplification via the JAK/STAT pathway to produce a potent generalized antiviral state that protects the target cell from virus infection and also assists in subsequent activation of adaptive immune responses (7, 8, 17) .
In addition to TLRs, intracellular pattern recognition receptors have been described as critical elements of pathogen detection in mammalian cells (9, 19, 24, 30, 31) . Intracellular RNA helicase proteins that participate in innate immune responses are ubiquitously expressed and recognize doublestranded RNA (dsRNA) produced during virus replication or from synthetic sources (24, 30, 31) . One cytoplasmic RNA helicase, called retinoic acid-inducible gene I (RIG-I), is an intracellular sensor of dsRNA that can induce IFN production independently of TLR signaling (31) . RIG-I is a member of a protein family characterized by two recognized domains. The amino terminus contains two regions similar to the caspase activation and recruitment domain (CARD) and acts as a protein interaction motif to facilitate associations with downstream components. The carboxyl terminus contains homologies with the DExD/H box RNA helicase family and is implicated in dsRNA binding and ATP-dependent unwinding. The second member of this CARD-helicase family, melanoma differentiation-associated gene 5 (MDA5), is similar in domain architecture and also responds to virus infection or intracytoplasmic dsRNA to activate IFN antiviral responses (2) . Recent studies of mice harboring targeted disruptions in RIG-I and MDA5 have demonstrated differential roles for these proteins in the recognition of RNA viruses (11, 12) . Of the viruses tested, RIG-I was found to be essential for the production of IFNs in response to several RNA viruses, whereas MDA5 was critical only for detection of picornaviruses.
A third protein, LGP2, is similar to RIG-I and MDA5 in the DExD/H box RNA helicase domain but differs from the other two, as it lacks the homologous CARD region. The LGP2 amino acid sequence shares 30% identity to the helicase domain of RIG-I and 40% identity to that of MDA5. In vitro RNA binding analysis suggests that all of these helicase domain-containing proteins are capable of binding to dsRNAs but not single-stranded RNAs (24, 30) .
A primary outcome of dsRNA sensing by CARD-helicase proteins is transcriptional activation of the IFN-␤ promoter through the action of immediate responding transcription factors, including interferon regulatory factor 3 (IRF-3) and nuclear factor kappa B (NF-B) (28) . Currently available evidence suggests a model wherein RIG-I and MDA5 are held inactive by an autoinhibitory mechanism, but virus infection or dsRNA transfection is sensed by direct RNA-protein interactions with the helicase domain (31) . Binding to RNA may induce a structural or conformational change, freeing the CARD to interact with downstream signaling molecules. In support of this model, a CARD-containing signaling intermediate, IPS-1 (also known as MAVS, VISA, or Cardif) (14, 22, 25, 29) was recently demonstrated to associate with the activated CARD-helicase proteins.
The IPS-1 protein is a mitochondrial resident, localized by a C-terminal transmembrane domain (25) . At its N terminus, IPS-1 also contains a CARD, which is recognized by the activated RIG-I and MDA5 proteins. The CARD interaction initiates the activity of cytoplasmic kinase complexes containing the TBK1, IKKi (also known as IKKε), and IKK ␣, ␤, and ␥ proteins, which function in the phosphorylation-mediated activation of IRF-3 and NF-B, respectively (14, 22, 25, 29) . These transcription factors translocate to the nucleus and participate in transcriptional activation of the IFN-␤ gene.
For RIG-I, mutations to the putative ATP binding site can render the protein defective in dsRNA signaling (31) , implying that helicase enzymatic activity is required for dsRNA signal transduction. Truncation of RIG-I from the C terminus produces an isolated CARD fragment (called ⌬RIG-I [31] , N-RIG [27] , or RIG-IN [30] ) that can constitutively activate downstream signaling. Truncation of RIG-I from the N terminus to remove the CARD produces a dominant negative variant (called C-RIG [27] or RIG-IC [31] ) that is thought to function by competing with RIG-I for dsRNA substrates. The absence of a CARD region in LGP2 coupled with its ability to bind well to dsRNA in vitro has led to the supposition that LGP2 acts like the RIG-IC reagent to sequester intracellular dsRNA and prevent activation of the CARD-helicase proteins (24, 30) . Indeed, LGP2 expression is induced by antiviral stimuli and has the properties of a negative feedback regulator of intracellular dsRNA signaling (24, 30 ) (see Fig. 1 ).
To investigate negative regulation in the intracellular dsRNA-sensing innate immune systems, the function of the LGP2 protein was explored. In support of a feedback inhibitory role in IPS-1-mediated dsRNA signaling, LGP2 mRNA synthesis is rapidly induced in human cells by IFN-␣, dsRNA, or virus infection. Results indicate that LGP2 can inhibit antiviral signaling independently of dsRNA or virus infection intermediates, suggesting that LGP2 is capable of targeting downstream molecule(s) for inhibition. Mechanistic studies reveal that LGP2 coprecipitates with IPS-1 in a virus-independent manner that requires both mitochondrial localization and C-terminal residues of IPS-1, but the CARD region is not involved.
LGP2 can coprecipitate CARD-helicase proteins MDA5 and RIG-I only following Sendai virus infection, suggesting that LGP2 can associate with a multimeric complex. Competition analysis demonstrates that LGP2 can interfere with IKKi recruitment to IPS-1, indicating that protein interaction is an alternative to dsRNA sequestration as a mechanistic basis for attenuation of dsRNA signaling.
MATERIALS AND METHODS

Plasmids and antibodies.
LGP2 cDNA was obtained by PCR amplification of Human Universal Quick Clone II (Clontech) and cloned into p3xFLAG-CMV10 (Sigma), pcDNA3 (Invitrogen) with an N-terminal hemagglutinin (HA)-epitope sequence, and pcDNA4/HisMAX (Invitrogen). For subcloning of IPS-1, cDNA was amplified by PCR, using the IMAGE clone with GenBank accession number BC044952, and cloned into p3xFLAG-CMV10 (Sigma) and pcDNA3 (Invitrogen) with a HA sequence. Various regions (1 to 118, 1 to 200, 118 to 500, 118 to 540, 118 to 535, 118 to 540, 300 to 540, 444 to 540, 500 to 540, and 509 to 540) of IPS-1 were amplified by PCR and subcloned into the glutathione S-transferase mammalian expression vector, pEBG (a gift from B. Mayer, University of Connecticut), or p3xFLAG-CMV10 (Sigma). pEFBos-FLAG-RIG-I and pEFBos-FLAG-MDA5 expression plasmids were provided by M. Gale, Jr. (UT Southwestern). pcDNA3.0 Zero-FLAG-IKKi was provided by J. Hiscott (McGill University). For the C-terminal Myc-tagged RIG-I and MDA5 vector, the entire coding region was amplified by PCR and cloned into pcDNA4/myc-His (Invitrogen). The IFN-␤-luciferase (luc) reporters, Ϫ110 IFN␤-luc, PRD III/I (3ϫ) luc, and PRD II (4ϫ) luc, were provided by D. Thanos. To create pcDNA4-6xHis-RIG-IC, the region that encodes amino acids 218 to 925 was amplified by PCR and cloned into pcDNA4/HisMAX (Invitrogen). A Renilla luciferase vector was purchased from Promega. The FLAG and His antibodies are from Sigma. HA and Myc antibodies were purchased from Roche. Anti-Cardif (IPS-1) antibodies were obtained from Axxora (San Diego, CA). Rabbit polyclonal antibody against LGP2 was raised using bacterially expressed GST-LGP2 fusion protein (Covance, PA). Anti-GST antibody was removed with a GST affinity column, and the immunoglobulin G (IgG) fraction was purified by a protein G column. For immunoprecipitation of endogenous proteins, HEK 293T cells were treated with Sendai virus (MOI ϭ 10) for 20 h. The cells were lysed with RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM sodium chloride, 1% Triton X-100, 1 mM dithiothreitol, 0.l % sodium dodecyl sulfate, 0.5% sodium deoxycholate, 10% glycerol, 1 mM sodium orthovanadate, 1 mM sodium fluoride), and after being precleared with control IgG and protein G beads (Roche Diagnostics), the lysate was incubated with LGP2 antibody or control rabbit IgG overnight. The precipitated proteins were analyzed by Western blotting with IPS-1 antibody and LGP2 antibody.
Cells, DNA, and RNA transfection and luciferase assays. 2fTGH, HEK 293T, and HeLa cells were cultured in Dulbecco's modified eagle medium supplemented with calf cosmic serum (10%; HyClone), penicillin (100 U/ml), and streptomycin (100 g/ml). Poly(I:C) was purchased from Amersham-Pharmacia. Sendai virus (Cantell strain) was obtained from Tom Moran (Mt. Sinai, NY). SMART pool siRNAs were purchased from Dharmacon (Lafeyette, CO). 2fTGH, HeLa, and HEK 293T cells were transiently transfected with SuperFect (QIAGEN) or Effectene (QIAGEN) as described by the manufacturer. Poly(I:C) was transfected with lipofectamine or Lipofectamine2000 (Invitrogen). The Dual-Luciferase Assay System (Promega) was used for luciferase assays. As an internal control, the Renilla luciferase construct was used to normalize luciferase activity.
RNA interference. Small interfering RNA (siRNA) Smart Pools were obtained from Dharmacon, and transfection of siRNAs targeting LGP2, RIG-I, or MDA5 and control scrambled siRNA was carried out using siLentFect reagent (BioRad) according to the manufacturer's instructions. mRNA analysis. Total RNA was prepared by using TRIzol (Invitrogen) treated with DNase I (amplification grade; Invitrogen) and subjected to reverse transcriptase with SuperScript III RNase H-reverse transcriptase (Invitrogen). The PCR primers used for semiquantitative PCR were as follows. For LGP2, the forward primer was 5Ј-CAACTGAAGGTAGCCGGGA-3Ј, and the reverse primer was 5Ј-CCACAGCCACCATGCAGTTGAT-3Ј; for IFN-␤, the forward primer was 5Ј-GATTCATCTAGCACTGGCTGG-3Ј, and the reverse primer was 5Ј-CTTCAGGTAATGCAGAATCC-3Ј; for GAPDH (glyceraldehyde-3-phosphate dehydrogenase), the forward primer was 5Ј-ACCACAGTCCATGC CATCAC-3Ј, and the reverse primer was 5Ј-TCCACCACCCTGTTGCTGTA-3Ј; for RIG-I, the forward primer was 5Ј-CAGTATATTCAGGCTGAG-3Ј, and the reverse primer was 5Ј-GGCCAGTTTTCCTTGTC-3Ј; and for MDA5, the forward primer was 5Ј-AGTTTGGCAGAAGGAAGTGTC-3Ј, and the reverse primer was 5Ј-GGAGTTTTCAAGGATTTGAGC-3Ј.
Quantitative real-time PCR was carried out by using the 7900 HT Fast RealTime PCR system with SYBR GREEN PCR Master Mix (Applied Biosystems). The relative abundances of mRNA was obtained by calculating the difference in threshold cycles of the target and control samples, commonly known as the ⌬⌬C T method, using GAPDH for normalization. Primers used for quantitative real time PCR were as follows. For LGP2, the forward primer was 5Ј-CTTTGACT TCCTGCAGCATT-3Ј, and the reverse primer was 5Ј-CAATGAGGTGGTCA GTCCAG-3Ј; for IFN-␤, the forward primer was 5Ј-CATTACCTGAAGGCCA AGGA-3Ј, and the reverse primer was 5Ј-CAATTGTCCAGTCCCAGAGG-3Ј; for GAPDH, the forward primer was 5Ј-ACAGTCAGCCGCATCTTCTT-3Ј, and the reverse primer was 5Ј-ACGACCAAATCCGTTGACTC-3Ј; for RIG-I, the forward primer was 5Ј-CTCTGCAGAAAGTGCAAAGC-3Ј, and the reverse primer was 5Ј-GGCTTGGGATGTGGTCTACT-3Ј; and for MDA5, the forward primer was 5Ј-TGGTCTCGTCACCAATGAAA-3Ј, and the reverse primer was 5Ј-CTCCTGAACCACTGTGAGCA-3Ј.
Transfection of siRNA and mRNA analysis were performed in at least two 
RESULTS
LGP2 is an inhibitor of RIG-I and MDA5 signaling. Expression of the RIG-I helicase fragment (RIG-IC) produces a protein that can act as a dominant negative inhibitor for dsRNA responses (31) . The similar domain arrangement of LGP2 and RIG-IC suggested it was a negative regulator of intracellular dsRNA antiviral signaling (24, 30) . In accordance with these reports, we observe that LGP2 mRNA is induced in a time-dependent manner by IFN-␣-treatment, addition of dsRNA [poly(I:C)] to the culture medium, dsRNA transfection, or Sendai virus infection (Fig. 1A and B) . LGP2 expression inhibits Sendai virus-or dsRNA transfection-mediated activation of the human IFN-␤ gene promoter through attenuation of dsRNA and virus signal transduction to IRF-3 and NF-B (Fig. 1C to G) , and interference with LGP2 expression increased not only IFN-␤ mRNA but also RIG-I and MDA5 mRNA induction by Sendai virus ( Fig. 2A-D) . Correspondingly, expression of LGP2 inhibited the Sendai virus-mediated induction of endogenous IFN␤, RIG-I, and MDA5 mRNA (Fig. 2E) . These data support the characterization of LGP2 as a feedback inhibitor of antiviral signaling and are in general agreement with earlier reports (24, 30) .
LGP2 inhibits the RIG-I pathway independently of virus or dsRNA. Truncation of the CARD from RIG-I produces a dominant negative variant, RIG-IC, that is thought to function by competing with RIG-I for dsRNA substrates (31) . The apparent primary structural similarity between RIG-IC and LGP2 has suggested that LGP2 may also compete with RIG-I for dsRNA substrates (24, 30) . Expression of either LGP2 or RIG-IC inhibits Sendai virus-induced IFN-␤ promoter activity (Fig. 3A) . To compare the inhibitory activities of LGP2 and RIG-IC in the absence of either virus infection or dsRNA stimulation, expression of the RIG-I CARD fragment, RIG-IN, was used to constitutively induce IFN-␤-luciferase reporter gene activity (31) . Expression of RIG-IN efficiently activated the IFN-␤-luciferase reporter gene (Fig. 3B ), but expression of RIG-IC had no effect. In contrast, LGP2 expression efficiently blocked the signaling activity of RIG-IN, preventing IFN-␤-luciferase activity. This result demonstrates that LGP2 can negatively regulate RIG-I signaling independently of virus infection, dsRNA treatment, or the presence of the RIG-I helicase domain.
To verify this result using a downstream activator in the RIG-I pathway, expression of the adaptor IPS-1 was used to activate the IFN-␤ promoter in the absence of a signal. This IFN-␤ activation was also efficiently inhibited by LGP2 expression in a dose-dependent manner (Fig. 3C) . Again, the IPS-1-dependent IFN-␤ luciferase activity was not prevented by RIG-IC (Fig. 3C) . In confirmation, IPS-1-mediated induction of the endogenous IFN-␤ mRNA was also inhibited by LGP2 expression (Fig. 3D) . We conclude that the natural cellular inhibitor, LGP2, differs mechanistically from the artificial RIG-IC construct in its ability to block IFN-␤ gene activation independently of either virus infection or dsRNA and at a step downstream of RNA sensing by RIG-I.
LGP2 coprecipitates with IPS-1. To investigate the mechanism of RNA-and virus-independent signaling inhibition by
LGP2, protein associations were tested in coimmunoprecipitation assays. The ability of LGP2 to inhibit IPS-1-mediated signaling prompted us to test whether LGP2 might associate with IPS-1 or interfere with the ability to form a RIG-I/IPS-1 complex mediated by CARD-CARD interactions (14, 22, 25, 29) . A coimmunoprecipitation assay was carried out using Myc-tagged RIG-I and FLAG-tagged IPS-1 expressed in the presence or absence of LGP2. IPS-1 coprecipitated with RIG-I ( Fig. 4A, lane 3) , and this complex was detected irrespective of the presence of LGP2 (Fig. 4A, lane 5) or a control protein, Yap (Fig. 4A, lane 4 
) (16). This experiment revealed that
LGP2 was able to coprecipitate with IPS-1 (Fig. 4A, lane 5) , and this interaction does not exclude RIG-I binding to IPS-1. To further confirm that LGP2 does not compete with RIG-I for IPS-1 binding, a titration experiment was performed (Fig.  4B ). Even at saturation levels of LGP2 coprecipitation, robust RIG-I interactions were detected. These results suggest that a target for LGP2 inhibition may be IPS-1 itself.
To verify this result more directly and to test the specificity of LGP2 and IPS-1 coprecipitation, another precipitation assay was performed without RIG-I expression.
LGP2 coprecipitation with IPS-1 was easily detected, but RIG-IC was not detected in association with IPS-1 (Fig. 4C) . This selective coprecipitation of LGP2 and not RIG-IC reinforces the differential properties of these proteins observed in the antiviral signaling assays, wherein LGP2 but not RIG-IC inhibits RIG-IN-or IPS-1-mediated IFN-␤ promoter activity (Fig.  3A and B) .
To confirm these conclusions from protein expression, endogenous LGP2-IPS-1 interactions were tested. A polyclonal antiserum directed against a bacterially expressed GST-LGP2 fusion protein or a control rabbit IgG were used for immunoprecipitation of whole-cell extracts from Sendai virus-infected cells. After gel separation, a commercial antiserum (Axxora, San Diego, CA) that recognizes IPS-1 was used to detect coprecipitation (Fig. 4D ). Although these antisera only poorly detected the endogenous proteins prior to immunoprecipitation, the appearance of IPS-1-and LGP2-specific signals was detected only in the coprecipitation sample. Together, these results provide a body of evidence supporting LGP2 interaction with IPS-1.
ATP hydrolysis is dispensable for LGP2 inhibition. If LGP2 is interfering with CARD-helicase signaling at the level of IPS-1, it might be predicted that RIG-I or MDA5 could be found in a multimeric complex with LGP2 following virus infection. To test this idea, physical association between LGP2 and RIG-I or MDA5 was assessed by coimmunoprecipitation (Fig. 5A) . HA-tagged LGP2 was expressed along with FLAGtagged LGP2, RIG-I, or MDA5, and the lysates from uninfected or Sendai virus-infected cells were subjected to immunopurification with anti-FLAG (M2) beads. Immunoblotting with HA antibody to detect the copurified HA-LGP2 revealed that LGP2 was able to self-associate, resulting in coprecipitation. However, only trace levels of the association between LGP2 and RIG-I or MDA5 were detected in the uninfected cells. In contrast, LGP2 efficiently coprecipitated both RIG-I and MDA5 from the cells infected with Sendai virus (Fig. 5A ). This result indicates that Sendai virus infection induces the formation of a complex between LGP2 and CARD-helicase proteins.
To verify this result in a complementary experiment and to test the possibility of constitutive CARD-helicase oligomerization, a similar assay using FLAG-tagged LGP2, RIG-I, or MDA5 along with Myc-tagged RIG-I was carried out (Fig. 5B) . No evidence was obtained suggesting constitutive homo-oligomerization of RIG-I or hetero-oligomerization with MDA5 in this experiment. However, FLAG-LGP2 was able to coprecipitate Myc-RIG-I only from virus-infected cells (Fig. 5B) .
In addition to wild-type LGP2, a variant protein with a mutation in the predicted Walker A motif of the ATP binding site (K30A) was tested in these experiments. Mutation of this residue prevents LGP2 ATP hydrolysis activity (D. Bamming, A. Komura, and C. M. Horvath, unpublished observations) but did not disrupt LGP2 homo-oligomerization or virus-inducible hetero-oligomerization with RIG-I (Fig. 5A and B ). Luciferase assays demonstrate that the K30A mutant did not disrupt the inhibitory activity of LGP2 during Sendai virus infections (Fig.  5C ). This finding indicates that LGP2 ATP hydrolysis activity is not strictly required for its ability to engage in protein interactions leading to antiviral inhibition.
To test the role of the RIG-I catalytic domain, a coimmunoprecipitation assay was carried out using the two RIG-I fragments.
LGP2 was found to coprecipitate both RIG-I and RIG-IN from Sendai virus-infected cells, but the RIG-IC helicase fragment did not interact with LGP2 (Fig. 5D ). Therefore, coprecipitation of RIG-I with LGP2 is mediated by the CARD of RIG-I and independently of the helicase domains.
LGP2 interaction with IPS-1 fragments. To delineate the region of IPS-1 required for coprecipitation with LGP2, IPS-1 fragments fused to the FLAG epitope tag (Fig. 6A) were coexpressed with His-LGP2, and FLAG proteins were affinity purified (Fig. 6B) . Full-length IPS-1 copurified with LGP2, as did the CARD-deficient fragment containing amino acids 118 to 540. No association was observed with IPS-1 fragments representing the CARD alone (1 to 118), the CARD plus proline-rich region (1 to 200), or a CARD-deficient fragment lacking the 40-amino-acid C-terminal mitochondrial targeting transmembrane domain (118 to 500). These results indicate that neither the CARD nor the proline-rich region is needed for LGP2 interactions. To test if the transmembrane domain segment alone was sufficient for LGP2 interactions, C-terminal IPS-1 fragments were expressed in cells as GST fusion proteins. None of the C-terminal regions tested, encompassing residues 444 to 540, were capable of copurifying LGP2 (Fig.  6C) . In contrast, increasing the fragment size to include amino acids 300 to 540 recovered the ability to copurify LGP2. Together, these results demonstrate that LGP2 requires both the mitochondrial targeting transmembrane domain and the residues between 300 and 444 for coprecipitation with IPS-1. LGP2 and IKKi compete for IPS-1 interaction. The C-terminal region of IPS-1 has been shown to interact with the kinase IKKi, which is essential for IRF-3 activation (22) . Using the same set of GST-IPS-1 fragments, we mapped the IPS-1 region that recruits IKKi. Kinase interaction was observed with amino acids 300 to 540, but not 444 to 540, defining the IPS-1 site for kinase coprecipitation as identical with the LGP2 binding region (Fig. 7A) .
The overlapping protein interaction sites suggest that competitive displacement of IKKi might provide a plausible mechanistic basis for LGP2-dependent inhibition of antiviral signaling. To test this idea, a coprecipitation competition assay was carried out. IKKi coprecipitated with IPS-1 in the absence of LGP2, but increasing the amount of LGP2 coprecipitation correlated with decreased amounts of IKKi detected in the immune complexes (Fig. 7B) . These data are consistent with a model in which LGP2 regulates IPS-1 signaling by preventing IKKi interaction (Fig. 8) .
DISCUSSION
The findings presented here support a role for the DExD/H box RNA helicase protein, LGP2, as an inhibitor of intracellular signaling that is initiated by cytosolic dsRNA or by Sendai virus infection. Like most cellular stress responses, innate antiviral immunity must be tightly controlled to prevent unwanted toxicity due to hyperactive signaling (15) . Accumulation of IFNs and their downstream effectors can have strong cytotoxic effects (4, 5) , in many cases requiring their expression to be rapid and transient.
LGP2 mRNA accumulates in cells in response to IFN stimulation, virus infection, or intracellular dsRNA, and results indicate that increased expression of LGP2 negatively regulates IFN-␤, RIG-I, and MDA5 biosynthesis. These findings demonstrate that LGP2 interferes with a step upstream of transcription factor activation but downstream of the dsRNA-sensing apparatus.
Protein interaction studies indicate that LGP2 coprecipitates with the signaling adaptor IPS-1 and forms a multicomponent LGP2 and the FLAG-tagged regions of IPS-1, as indicated. Cell lysates were subjected to FLAG immunoprecipitation using M2-agarose beads. His-LGP2 protein copurification with FLAG-tagged IPS-1 was analyzed by immunoblotting, using six-His antibody. (C) HEK 293T cells were transfected with expression vectors for His-tagged LGP2 and GST-tagged regions of IPS-1, as indicated. Cell lysates were subjected to glutathione bead affinity purification. Six-His-LGP2 protein copurification with GST-IPS-1 was analyzed by immunoblotting, using six-His antibody.
FIG. 7. LGP2 competes with IKKi for IPS-1binding. (A) HEK 293T cells were transfected with expression vectors for FLAG-tagged
IKKi and GST-IPS-1 fusions, as indicated. Cell lysates were subjected to glutathione bead affinity purification. FLAG-tagged IKKi copurification with GST-IPS-1 was analyzed by immunoblotting, using FLAG antibody. (B) HEK 293T cells were transfected with expression vectors for FLAG-tagged IKKi and HA-tagged IPS-1 along with increasing amounts of the expression vector for six-His-tagged LGP2. Cell lysates were subjected to HA purification. FLAG-tagged IKKi purified with HA-IPS-1 was analyzed by immunoblotting, using FLAG antibody.
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on October 15, 2017 by guest http://jvi.asm.org/ complex requiring both the mitochondrial transmembrane domain and the amino acids between residues 300 and 440 of IPS-1 but not its CARD region. The CARD of IPS-1 is still free to engage upstream dsRNA sensors RIG-I and MDA5, and these regulated associations allow coprecipitation of CARD-helicase proteins from virus-infected cells. Data indicate that coprecipitation of RIG-I can be achieved independently of its RNA helicase domain and in the absence of ATP hydrolysis by LGP2. We interpret these observations to indicate an RNA-and virus -independent inhibitory activity mediated by LGP2. While it is possible that at least some of the observed protein interactions are indirect and rely on intervening proteins or nucleic acids, the data clearly indicate that protein complexes can provide a foundation for at least some of the observed LGP2 inhibition of antiviral signaling (Fig. 8) .
In support of this model, coprecipitation of the protein kinase IKKi with IPS-1 was also observed, and this interaction was found to rely on the same polypeptide regions that bind LGP2. Results from competition experiments demonstrate that increased LGP2 expression can interfere with kinase binding to IPS-1, providing a plausible mechanism for dsRNA-and virus-independent signaling inhibition by LGP2. Note that in addition to IKKi, TBK1 is involved in phosphorylation of IRF-3 and IRF-7 to execute antiviral responses (3, 20, 26) . While studies of TBK1-and IKKi-knockout mice have suggested that TBK1 plays a major role while IKKi has an accessory activity (6, 23), TBK1-deficient mouse embryonic fibroblasts respond normally to Newcastle disease virus for IRF-3 and IFN-␤ promoter activation (31) . In addition, IKKi but not TBK1 can colocalize with IPS-1 in the mitochondria. Mitochondrial IPS-1/IKKi colocalization is dissociated by hepatitis C virus NS3-4A protease cleavage of IPS-1, suggesting that the IPS-1/IKKi signaling complex is a key element of intracellular antiviral responses for some infections (18) . It is noteworthy that LGP2 also inhibits activation of NF-B activity downstream of dsRNAs (Fig. 1G ). While this is apparent from reporter gene assays, no association of IPS-1 with the canonical IKKs (IKK␣, ␤, ␥) required for NF-B activation was observed in our assays (data not shown). Possibly relevant is that the Fas-associated death domain (FADD) protein and receptor- LGP2 accumulation in the cell leads to signal inhibition. LGP2 interaction displaces IKKi from the IPS-1 C terminus to disengage signal propagation. In this case, the CARD-helicase can remain in association with the IPS-1 plus LGP2 complexes.
interacting protein 1 (RIP1) have been implicated in intracellular dsRNA signaling to NF-B. While these proteins have also been demonstrated to associate with the C terminus of IPS-1, these interactions were not observed in our experiments (data not shown). Therefore, while it is clear that LGP2 interferes with NF-B activation, the precise mechanism of action remains to be clarified. However, if the FADD and RIP1 or the canonical IKKs binding sites on IPS-1 overlap with the LGP2 binding site, a similar competitive inhibition mechanism is plausible. The links between IPS-1 and IRF-3 kinases and IB kinases and the mechanism of NF-B inhibition by LGP2 remain to be elucidated.
As LGP2 does not contain the CARD region but does bind to dsRNA, it has been proposed that the mechanism by which LGP2 inhibits RIG-I or MDA5 involves sequestration of dsRNA, thereby preventing activation of CARD signaling (24, 30) . While the present study is in agreement about the negative regulatory role of LGP2, differences were found in the proposed mechanism of inhibition. While differences in methodology, reagents, and cell lines may account for some of the disparities, it is most likely that LGP2 functions by a combination of activities directed at either RNA binding or protein interactions.
In this study, we demonstrate that LGP2 inhibits signaling induced by expression of RIG-IN or by expression of IPS-1, both of which induce transcriptional responses independently of dsRNA treatments or virus infections. This supports the concept that LGP2 does not merely sequester dsRNA but also blocks IPS-1 signaling at a step downstream of the CARDhelicase receptor and IPS-1 adaptor. It remains formally possible that RNA sequestration functions in parallel with protein interaction-based inhibition, but it is important to note that the RIG-IC-terminal fragment (RIG-IC) fails to antagonize the constitutive signaling induced by RIG-IN or IPS-1. This demonstrates that the similarities between the primary sequences of LGP2 and the artificial RIG-IC fragment are somewhat superficial and that data obtained with RIG-IC might not accurately reflect the function of the natural regulator, LGP2. In other words, RIG-IC might well function as an inhibitor by RNA sequestration, but this remains to be experimentally proven. Two findings may be relevant to the differential mechanisms of LGP2 and RIG-IC. First, LGP2 was found to be constitutively oligomeric, and second, the LGP2 K30A mutant remains active as a negative regulator despite the inability to hydrolyze ATP. For RIG-I, an analogous mutation fails to function in antiviral signaling and acts as a dominant negative inhibitor. Irrespective of the mechanistic differences between the present results and prior studies (24, 30) , it is clearly recognized that only LGP2 is a native component of dsRNA signal transduction attenuation.
